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aggregation, and effector function in T cells
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Lipid raft membrane compartmentalization and membrane-associated guanylate kinase 
(MAGUK) family molecular scaffolds function in establishing cell polarity and organizing 
signal transducers within epithelial cell junctions and neuronal synapses. Here, we elucidate 
a role for the MAGUK protein, Dlgh1, in polarized T cell synapse assembly and T cell 
function. We find that Dlgh1 translocates to the immune synapse and lipid rafts in response 
to T cell receptor (TCR)/CD28 engagement and that LckSH3-mediated interactions with 
Dlgh1 control its membrane targeting. TCR/CD28 engagement induces the formation of 
endogenous Lck–Dlgh1–Zap70–Wiskott-Aldrich syndrome protein (WASp) complexes in 
which Dlgh1 acts to facilitate interactions of Lck with Zap70 and WASp. Using small 
interfering RNA and overexpression approaches, we show that Dlgh1 promotes antigen-
induced actin polymerization, synaptic raft and TCR clustering, nuclear factor of activated T 
cell activity, and cytokine production. We propose that Dlgh1 coordinates TCR/CD28-
induced actin-driven T cell synapse assembly, signal transduction, and effector function. 
These findings highlight common molecular strategies used to regulate cell polarity, synapse 
assembly, and transducer organization in diverse cellular systems.
 
Proper T cell activation is central to the gener-
ation of protective adaptive immunity and in
the maintenance of self-tolerance. T cell acti-
vation is initiated when the TCR encounters
specific antigen–MHC complexes and costim-
ulatory ligands on the surface of an APC. This
recognition induces dramatic T cell polarization
and the formation of a specialized “immunologi-
cal synapse” at the T cell–APC junction (1).
Recent studies indicate that the organized
immune synapse is a multitasking platform
performing several functions essential to the
determination of TCR sensitivity and respon-
siveness. The synapse enhances TCR engage-
ment and signal transduction through the re-
cruitment, concentration, and juxtaposition of
receptors and transducers (1, 2). The migra-
tion of cholesterol and sphingolipid-rich “lipid
rafts” to the synaptic contact likely facilitates
these processes (3–6). Paradoxically, the immune
synapse also attenuates TCR signal transduc-
tion by directing TCR endocytosis, transducer
ubiquitination, and proteolysis and by func-
tioning as a target for the delivery of down-
regulatory CTLA-4 (1, 2, 7). Coordinate reg-
ulation of these opposing activities allows the
synapse to “fine tune” TCR signal transduc-
tion and T cell responsiveness. Finally, the syn-
apse orients and orchestrates a microtubule array
that directs the TCR-regulated secretion of
cytokines and cytotoxic lytic effectors toward the
APC so that effectors selectively act on target
cells (8, 9).
Continued TCR engagement and signal
transduction is required for both synapse main-
tenance and realization of maximal T cell
proliferation and effector function (10–12).
Although the molecular basis of T cell polar-
ization, synapse assembly, and sustained signal-
ing remain poorly defined, actin cytoskeletal
remodeling is central to each of these processes
(13). In lymphocytes, de novo actin polymer-
ization is controlled by Wiskott-Aldrich syn-
drome protein (WASp; reference 13). Immu-
noreceptor engagement induces Src, Btk, and
Syk family up-regulation of WASp activity (9,
14–16). In T cells, WASp activity is required
for TCR and synaptic lipid raft clustering,
 
CORRESPONDENCE
M. Carrie Miceli: 
cmiceli@ucla.edu
 
Abbreviations used: GST, glu-
tathione 
 
S
 
-transferase; IRF, IFN 
regulatory factor; MAGUK, 
membrane-associated guanylate 
kinase; siRNA, small interfering 
RNA; WASp, Wiskott-Aldrich 
syndrome protein.
 DLGH1 COORDINATES T CELL SYNAPTOGENESIS AND FUNCTION | Round et al.
 
420
 
TCR endocytosis, sustained signaling, and cytokine gene
transcription (13, 17–19). However, intermediates linking
receptor engagement to WASp activity remain incompletely
characterized.
Recent reports have described associations between the
neuronal synaptic scaffolding molecule hDlg/Dlgh1 and T
cell transducers involved in TCR signal transduction and cy-
toskeletal reorganization in T cells (20–23). Dlgh1, the
mouse homologue of the human hDlg and rat SAP97, is a
member of the membrane-associated guanylate kinase pro-
tein family (MAGUK). MAGUKs are characterized by the
presence of one to three PDZ domains, an SH3 domain, and
a guanylate kinase domain that lacks enzymatic activity.
These modular domains have been shown to mediate multi-
ple interactions with several proteins concomitantly (24).
MAGUKs anchor voltage and ligand-gated ion channels and
other receptors to the neuronal synapse and organize signal-
ing complexes within the synaptic contact. Dlgh1 is also
found in epithelial cells where it can localize to the cellular
membrane and associate with the cortical actin cytoskeleton.
In epithelial cells, Dlgh1 regulates apical-basal cell polarity
and organizes junctional structure (25). It has thus been sug-
gested that Dlgh1 may act as a molecular scaffold to mediate
the structural integrity of various types of membrane special-
izations (26). Although Dlgh1 has been well characterized in
both neuronal and epithelial cells, its role in modulating T
cell synaptogenesis, activation, and function remain largely
uncharacterized.
Here, we demonstrate that Dlgh1 translocates to the im-
mune synapse and detergent-insoluble lipid rafts in response
to TCR/costimulator engagement. Furthermore, we dem-
onstrate that Lck–Dlgh1 interactions are mediated by the
LckSH3 domain and are required for proper Dlgh1 mem-
brane association. We identify Zap70 and WASp as novel
constituents in Dlgh1 molecular complexes and demonstrate
that Dlgh1 functions in facilitating WASp and Zap70 inter-
actions with Lck. We hypothesize that Dlgh1 facilitates acti-
vation of these transducers to coordinate actin-mediated T
cell synapse assembly and effector function. Consistently,
small interfering RNA (siRNA)-mediated knockdown of
Dlgh1 expression in T cells leads to impaired antigen-induced
actin polymerization, TCR and raft synaptic clustering, and
Figure 1. Dlgh1 localizes with lipid rafts and CD3 in the immuno-
logical synapse. (A–D) Lymphocytes were isolated from the spleen and 
lymph nodes of an OT-1 TCR transgenic RAG mouse and stimulated 
with APCs lacking MHC/peptide or antigen/APCs for 0 (Unstim) and 25 
min. Cells were then stained with FITC-conjugated CD3 (A and B) or FITC-
conjugated cholera toxin (CTX)  subunit (C and D) and Dlgh1 antibody 
(A–D). 100 T cell–APC conjugates were counted per experiment and cells 
were scored positive for CD3 or Dlgh1 polarization or synaptic clustering 
when 50% of the CD3, Dlgh1, or GM1 was polarized toward the T cell–
APC junction. The graph represents the percentage of cells with Dlgh1 
polarized at the synapse under each experimental condition from two 
experiments. The percentages of cells in which CD3 or GM1 copolarized 
with Dlgh1 at the T cell synapse from four experiments is represented in 
B and D. (E) Cells were left unstimulated or stimulated with anti-CD3/CD28 
for the indicated times. Detergent-soluble and -insoluble fractions were 
isolated and immunoblotted with antibodies directed against Dlgh1 or Lat. 
Relative densitometry values from four experiments are represented in the 
graph. *, statistical significance according to a standard Student’s t test.
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T cell function. Additionally, Dlgh1 overexpression en-
hances TCR-induced NFAT activation and lymphokine
production. Taken together, our findings elucidate a positive
role for Dlgh1 in the orchestration of T cell activation.
 
RESULTS
Dlgh1 localizes to the immune synapse and 
can reside in the lipid raft compartment
 
To characterize Dlgh1 localization in T cells, we visualized
Dlgh1, CD3, and the raft marker GM1 in freshly isolated
CD8
 
 
 
OT-1 TCR transgenic T cells during the course of ac-
tivation and immune synapse formation. Dlgh1 patterns are
similar in T cells stimulated with APCs in the absence of
MHC/peptide and T cells before stimulation, demonstrating
nonpolarized Dlgh1, GM1, and CD3 distribution (Fig. 1, A–C,
and not depicted). Alternatively, a bulk of Dlgh1 accumu-
lates at the synapse and a portion of Dlgh1 colocalizes with
both CD3 and GM1 (Fig. 1, A–D) within 25 min of anti-
genic stimulation. Polarization of CD3, GM1, and Dlgh1 at
the synapse is not seen at an earlier 5-min time point (not de-
picted). Dlgh1 synaptic localization requires TCR engage-
ment because APCs that do not express MHC/peptide do not
induce Dlgh1 synaptic translocation (Fig. 1 A, APC).
To further characterize Dlgh1 subcellular distribution,
we fractionated T cells into detergent-soluble lipid raft and
nonraft fractions using sucrose density centrifugation. We
found that a subset of Dlgh1 constitutively partitions in the
raft fraction, and TCR/CD28 stimulation increases Dlgh1
raft partitioning twofold (Fig. 1 E). Although this increase is
modest, it is reproducible, as indicated in the graph repre-
senting relative densitometry values from four experiments.
Most of Dlgh1 is found in detergent-soluble, membrane-
associated and cytosolic proteins. Biochemical partitioning of
raft-associated proteins often requires more stringent associa-
tion than is required for coassociation measured using raft vi-
sualization approaches and often underestimates the amount
of protein within a compartment, as is the case for TCR (5,
27). Taken together, our findings indicate that a subset of
Dlgh1 translocates to the immune synapse in response to an-
tigenic stimulation and can associate with lipid raft micro-
domains within the synaptic contact.
 
Dlgh1 binds specifically to the SH3 domain of Lck
 
We have previously established a role for the LckSH3 do-
main in T cell activation; however, the molecular basis of
LckSH3 activity remains incompletely characterized (11). A
previous description of an association between the Dlgh1
NH
 
2
 
-terminal proline-rich domain and Lck (20) prompted
us to investigate whether the LckSH3 domain is required for
Dlgh1–Lck coassociation and determine whether this associ-
ation is important for localization of Dlgh1. As reported for
Jurkat T cells, we find that Lck and Dlgh1 coprecipitate in
murine BI-141 and primary CD8
 
 
 
T cells (Figs. 2 C and 3,
A–C). To determine what role the LckSH3 domain plays in
mediating this interaction, purified glutathione 
 
S
 
-transferase
(GST) fusion proteins containing wild-type or mutated
LckSH3 domains were used to precipitate Dlgh1 from T cell
lysates. As shown in Fig. 2 A, Dlgh1 specifically associates
with wild-type LckSH3 domain, but not with LckSH3 do-
mains mutated in residues within the canonical PXXP bind-
ing pocket, AF and YLDY (11). Dlgh1 was not detected in
precipitates of Fyn, Abl, Grb2, and Itk SH3 domain GST fu-
sions, further demonstrating the specificity of the LckSH3–
Dlgh1 interaction (Fig. 2 B).
 
Proper Dlgh1 membrane localization depends on an intact 
Lck SH3 domain
 
Dlgh1 contains no transmembrane domain or putative sites
for lipid modification that would allow it to associate with
the plasma membrane or the lipid raft compartment (28).
Figure 2. Dlgh1 specifically associates with the Lck SH3 domain, 
and this interaction is required for Dlgh1 association with detergent-
insoluble lipid rafts. (A and B) GST fusion proteins containing the indi-
cated SH3 domains were purified and incubated with TNE lysates collected 
from BI-141 T cells and immunoblotted with anti-Dlgh1, anti-Lck, or anti-
Cbl (as a positive control for Lck SH3 binding). (C and D) Unstimulated (U) 
or CD3/CD28-stimulated (for 15 min) BI-141 T cells expressing constitu-
tively active Lck (F505) or SH3-impaired Lck (F505/AF) were lysed in TNE 
and immunoprecipitated with anti-Dlgh1 (C) or fractionated (D) into 
detergent-soluble and -insoluble lipid rafts. Samples were immunoblotted 
with anti-Dlgh1 or Lck. All panels are representative of a minimum of 
three experiments.
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Therefore, membrane localization of Dlgh1 likely depends
on its associations with other proteins. To determine whether
the LckSH3–Dlgh1 interaction functions in subcellular
localization of Dlgh1, we analyzed the membrane micro-
domain partitioning of Dlgh1 in BI-141 cells expressing ac-
tive (F505) or SH3-impaired (AF/F505) Lck (11). Dlgh1 and
Lck interactions are abolished in the AF/F505 cells, corrob-
orating a role for LckSH3 in mediating Dlgh1–Lck interac-
tion in intact T cells (Fig. 2 C). Furthermore, Dlgh1 targeting
to lipid rafts is impaired in AF/F505 SH3 mutant–expressing
T cells, both before and in response to TCR/CD28 costim-
ulation (Fig. 2 D). Taken together, these findings elucidate a
role for the LckSH3 domain in Dlgh1 T cell lipid raft mem-
brane association.
 
Dlgh1 complexes with WASp, Lck, and the activated 
form of Zap70
 
In T cells, Dlgh1 has been reported to associate with several
transducers implicated in T cell signal transduction and cy-
toskeletal anchoring and remodeling (20–23). Furthermore,
Dlgh1 is self-oligomerizing, a feature proposed to enhance
its activity as a scaffolding protein that coordinates events at
the cellular membrane. Therefore, we investigated a poten-
tial role for Dlgh1 as a molecular scaffold involved in orches-
trating immune synapse assembly and signal transduction.
The signal transducers Lck, Lat, Zap70, and WASp are
all required for T cell polarization and activation. In addi-
tion, each of these proteins localizes within the immune syn-
apse, is regulated by protein tyrosine kinase activity in re-
sponse to TCR engagement, and has been implicated in
synaptic cytoskeletal reorganization (11, 17, 29–31). There-
fore, we probed Dlgh1 immunoprecipitates from resting or
TCR/CD28-costimulated T cells for the presence of phos-
phorylated proteins in general and Lck, Lat, Zap70, and
WASp in particular. We found Dlgh1 immunoprecipitates
containing WASp, Lck, and Zap70 in both transformed and
primary T cell populations (Fig. 3, A–C). Although Dlgh1
association with Lck and WASp appears to be constitutive in
BI-141 T hybridoma cells, Zap70 association is increased in
response to CD3/CD28 costimulation. Dlgh1 complexes
containing Lck, WASp, and Zap70 are also found in Dlgh1
precipitates from primary T cells; however, in this instance,
association with Lck also appears to be induced by CD3/
CD28 costimulation (Fig. 3, A and C). Reverse immuno-
precipitation experiments using antibodies directed against
Lck, WASp, and Zap70 indicate that these proteins coexist
in a molecular complex (Fig. 3 B). Furthermore, GST fusion
proteins containing full-length Dlgh1, but not GST alone,
specifically precipitated WASp, further substantiating WASp
as a Dlgh1 ligand (Fig. 3 D).
Figure 3. Dlgh1 complexes with WASp and Lck and the activated 
form of Zap70, but not Lat. (A and B) Lysates were collected from BI-141 
cells stimulated with anti-CD3/CD28 for indicated times and immunopre-
cipitated and immunoblotted with indicated antibodies. Appropriate iso-
type controls (Ig) were incubated with lysates from cells stimulated for 
15 min. (C) Lymphocytes isolated from the spleen and lymph nodes of an 
OT-1 TCR transgenic RAG mouse were stimulated with anti-CD3/CD28 
for 15 min. TNE lysates were then immunoprecipitated with a Dlgh1 anti-
body and immunoblotted with indicated antibodies. (D) GST alone or full-
length Dlgh1 fused to GST was incubated with BI-141 cell lysates, and 
complexes were immunoblotted with anti-WASp. (E) BI-141 cells were 
stimulated with anti-CD3/CD28, and TNE lysates were immunoprecipitated 
with anti-Dlgh1or anti-Lat and immunoblotted with indicated antibodies. 
(F) BI-141 T cells were stimulated with anti-CD3/CD28 and lysed in either 
TNE NP-40 or octylglucoside and immunoprecipitated with either Dlgh1or 
Lck antibodies and immunoblotted with indicated antibodies. Blots were 
quantitated and Ig bands were normalized to background and loading 
controls (numbers below blots). (G) BI-141 cells stimulated with CD3/CD28 
were immunoprecipitated with anti-Dlgh1 and immunoblotted with anti–
phospho-tyrosine (4G10), anti-Zap70, or Dlgh1 as indicated.
 JEM VOL. 201, February 7, 2005
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Raft resident Lat does not associate with Dlgh1 under
these same conditions, indicating that Dlgh1, Lck, WASp,
and Zap70 associations do not simply reflect colocalization
in rafts (Fig. 3 E). In keeping with this suggestion, Zap70
and WASp associations with Dlgh1 persist to some extent in
the presence of raft-solubilizing octylglucoside (Fig. 3 F).
That these associations are partially diminished in the pres-
ence of octylglucoside may indicate that coassociation within
lipid rafts facilitates formation of Dlgh1 complexes. Lipid
raft–dependent association between Lck and Lat is com-
pletely disrupted under these same conditions (Fig. 3 F).
Antiphosphotyrosine immunoblot analysis of Dlgh1 im-
munoprecipitates demonstrates that associated Zap70 is tyro-
sine phosphorylated (Fig. 3 G), a modification known to be
required for efficient Zap70 activation. Maximum Dlgh1–
phospho-Zap70 complex formation is observed after 15–25
min of TCR/CD28 costimulation (Fig. 3 G), well after the
initial wave of TCR-induced protein tyrosine phosphoryla-
tion has peaked.
 
Dlgh1 functions in positioning Zap70 and WASp within 
molecular complexes with Lck
 
In other cell types, Dlgh1 functions in the assembly and or-
ganization of signal transducers within polarized membrane
specializations by acting as a molecular scaffold (24). There-
fore, Dlgh1 might similarly act as a scaffold for coordinating
Lck, Zap70, and WASp interactions important for T cell sig-
nal transduction, immune synapse assembly, and effector
function. To test this possibility, we used an siRNA ap-
proach to reduce expression of Dlgh1 in BI-141 cells before
stimulating them with CD3/CD28. Significant Dlgh1
knockdown (55%) was confirmed at the RNA (Fig. 4 C)
and protein level (Fig. 4 C, inset). We found that Lck–
WASp and Lck–Zap70 complex formation is impaired in
cells where Dlgh1 expression levels are compromised (Fig. 4
A). Indeed, quantitation of the degree of Lck–Wasp and
Lck–Zap70 association in multiple experiments demonstrates
a significant and reproducible impairment in Dlgh1-com-
promised cells (Fig. 4 B). Taken together, these data point to
a role for Dlgh1 in functioning as a molecular scaffold to or-
ganize signaling complexes at the synapse.
 
Dlgh1 facilitates actin polymerization and synaptic TCR 
and lipid raft aggregation
 
LckSH3 and WASp have been implicated in T cell synaptic
raft clustering and IL-2 production (11, 17, 30, 32). Further-
more, previous studies have established roles for Lck and
Zap70 family members in regulating WASp activation.
Here, we demonstrate that the LckSH3 ligand, Dlgh1, facili-
tates Lck association with Zap70 and WASp. These findings
point to a potential role for Dlgh1 in orchestrating actin-
driven synaptic raft clustering and immune synaptogenesis.
Therefore, to assess the role of Dlgh1 in actin-driven syn-
apse assembly, we used siRNA-mediated knockdown in
CD8
 
 
 
OT-1 T lymphocytes. Because activated T cells have
been reported to be optimal targets for siRNA knockdown
(33), we chose to stimulate and expand naive OT-1 T cells in
vitro and examine synapse formation 6.5 d later in response
to secondary challenge with specific antigen/APC. Because
siRNA was added on day 5, at a time when the cultures no
longer contain APCs, we avoided potential complications
due to “knocking down” Dlgh1 in the stimulating APCs.
Great care was taken in validating the siRNA system for
specificity. Two siRNA oligos (Dlgh1 siRNA 1 and 2) tar-
geted at different portions of the Dlgh1 transcript were used
to show that Dlgh1 expression is specifically reduced by as
much as 71% at both the mRNA and protein levels (Fig. 5,
A–C). In addition, three independent control siRNA oligos
were used (Figs. 5 B and 6 C and not depicted), including one
that only differs from the active Dlgh1 siRNA by two nucle-
Figure 4. Dlgh1 functions in positioning Zap70 and WASp within 
molecular complexes with Lck. (A) BI-141 lysates were transfected with 
Dlgh1 siRNA or control siRNA. 36 h after transfection, cells were stimu-
lated with CD3/CD28 and immunoprecipitated and immunoblotted with 
indicated antibodies. (B) Quantitation of panels represented in A using 
Scion Imaging software. Graphs represent Lck levels normalized to either 
WASp or Zap70 and are representative of at least two experiments. (C) Lysate 
and RNA was collected from BI-141 cells 36 h after transfection with 
Dlgh1 siRNA (Dlgh1 siRNA1) or control siRNA. Dlgh1 mRNA levels were 
determined and normalized to L32 levels. Dlgh1 protein levels are shown 
as an inset in the top panel with siRNA control on the left and Dlgh1 
siRNA on the right.
 DLGH1 COORDINATES T CELL SYNAPTOGENESIS AND FUNCTION | Round et al.
 
424
 
otide substitutions (control 2). Specific Dlgh1 knockdown
was assayed in mRNA collected from T cells on day 6.5 of
culture using quantitative PCR. As shown in Fig. 5, Dlgh1
mRNA and protein expression was specifically impaired,
whereas L32 (housekeeping) mRNA levels remained constant
between samples. A similar degree of Dlgh1 knockdown was
observed at the level of both RNA and protein in multiple
experiments and ranged from 50–75%. Titration of Dlgh1
siRNA oligos titrates Dlgh1-specific knockdown at both the
protein and mRNA level (Fig. 5, A and C). In addition,
siRNA treatment does not induce IFN-
 
 
 
response, as indi-
cated by the lack of induction of IFN regulatory factor (IRF)7
Figure 5. Dlgh1 expression is required for antigen-induced actin 
polymerization and synaptic TCR and lipid raft clustering. (A and B) OT-1 
T cells were stimulated for 5 d before transfection with either of two siRNA 
oligos directed against Dlgh1 (Dlgh1 1 or Dlgh1 2) or siRNA controls (siRNA 
control 1 and 2). 36 h after transfection, Dlgh1 and L32 mRNA and protein 
levels were quantitated or immunoblotted for Dlgh1 and Lat. Dlgh1 protein 
levels were quantitated by densitometry and normalized to Lat. (C) Experi-
mental conditions were as in A. Control oligos showed no variation in 
Dlgh1 expression when titrated in a similar manner (not depicted). Dlgh1 
mRNA levels were normalized to L32. (D) OT-1 T cells were treated as in A, 
and IRF7 mRNA levels were quantitated. (E) OT-1 T cells were stimulated, 
expanded, and transfected and spun onto APCs for 5 or 15 min to stimu-
late actin polymerization. T cells were washed off of APCs, fixed, and 
stained with FITC-conjugated phalloidin and analyzed using FACS. Mean 
intensities from three experiments were averaged and change in actin was 
calculated (stimulated mean intensity  unstimulated mean intensity). 
(F–I) OT-1 T cells were transfected as in A and incubated for 25 min on 
slides with antigen/APCs. Cells were washed and stained with either FITC-
CD3 or FITC-labeled CTX for microscopy. Graphs represent clustering in 
100 T cell–APC conjugates analyzed, and data are representative of at 
least five experiments. U, unstimulated cells; S, stimulated; U1, unstimu-
lated, treated with Dlgh1 siRNA1; S1, stimulated and treated with Dlgh1 1 
siRNA1. 71% Dlgh1 knockdown was obtained in experiments shown in A, 
F, and H, whereas 58% knockdown was obtained in experiments shown in 
E, G, and I.
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and ISG15 IFN-
 
 
 
response genes (Fig. 5 D and not depicted;
reference 34), nor does it effect cell viability (not depicted).
WASp deficiency has been reported to both impair actin
polymerization and lipid raft clustering (17). To assess a role
for Dlgh1 in orchestrating antigen/APC-induced actin poly-
merization, we compared OT-1 T cells treated with control
or Dlgh1-specific siRNA for their ability to polymerize actin
in response to antigen/APC by quantitating polymerized fil-
amentous actin (F-actin). As shown in Fig. 5 E, F-actin lev-
els in unstimulated cells are similar in cells treated with
siRNA control and Dlgh1 siRNA. Consistent with the liter-
ature (15), F-actin levels in OT-1 T cells modestly increase
upon antigenic stimulation (Fig. 5 E). Conversely, T cells
with diminished Dlgh1 expression do not efficiently increase
F-actin content in response to stimulation with antigen/
APC (Fig. 5 E). These findings are consistent with a poten-
tial role for Dlgh1 in coordinating antigen/APC-induced
WASp-mediated actin polymerization.
To determine whether Dlgh1 expression affects synapse
assembly, synaptic lipid raft (GM1) and CD3 clustering in re-
sponse to specific antigen/APC stimulation were measured.
As shown in Fig. 5, F and H, and consistent with what we
observe with freshly isolated OT-1 T cells, activated OT-1
effectors localize CD3 and lipid rafts at the APC–T cell inter-
face. Conversely, in Dlgh1 knockdown cells, both CD3 clus-
tering and synaptic raft polarization are impaired, whereas
surface levels of both CD3 and GM1 remain similar between
control and knockdown cells (Fig. 5, G and I).
 
Dlgh1 is necessary for IFN-
 
 
 
and IL-2 production 
and CTL activity
 
To determine what, if any, effects Dlgh1 knockdown has on
CD8
 
 
 
T cell function, we examined the effects of diminish-
ing Dlgh1 levels on induced IFN-
 

 
, IL-2 production, and
CTL activity. Treatment of cells with either of two siRNA
pairs specific for Dlgh1, but not control oligos, impairs anti-
gen-induced IFN-
 
 
 
and IL-2 production and CTL activity
(Fig. 6). Lymphokine production is diminished to the same
extent as Dlgh1 expression (70%) by treatment with Dlgh1
siRNA, suggesting a requirement for Dlgh1 in T cell activa-
tion. Consistently, affects on cytokine secretion can be ti-
trated with decreasing amounts of Dlgh1-specific siRNA
Figure 6. Loss of Dlgh1 expression leads to impaired antigen-
induced cytokine production and cell-mediated cytotoxicity, but 
continued responsiveness to PMA/ionomycin. (A) OT-1 T cells trans-
fected with indicated siRNA were restimulated 36 h after transfection for 
24 h with antigen/APCs. Supernatants were assayed for IFN- or IL-2 using 
ELISA. Data are representative of at least five experiments. (B) OT-1 T cells 
were treated as in A, but stimulated with 5 ng/ml PMA (Sigma-Aldrich) 
and 500 ng/ml ionomycin (Sigma-Aldrich) for 24 h. (C) OT-1 T cells were 
transfected as in A. S1 and S2 refer to independent oligos used for trans-
fection. U, unstimulated; S, stimulation with APC/antigen. Supernatants 
were assayed for IFN- using ELISA. (D) OT-1 T cells were transfected with 
varying amounts of Dlgh1 siRNA for 24 h and restimulated for 24 h. Super-
natants were analyzed by ELISA. (E) OT-1 T cells were transfected and 
stimulated as in A, and IFN- levels were determined. (F) OT-1 T cells 
transfected with indicated siRNA were stimulated with antigen/APCs 36 h 
after transfection, and percent cytotoxicity was determined. U, unstimu-
lated; S, stimulated. 1 and 2 refer to the siRNA oligo used. These data are 
representative of at least two experiments.
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(Fig. 6 D), but not control siRNA (not depicted). However,
Dlgh1-impaired T cells retain the ability to produce IFN-
 

 
and IL-2 in response to PMA and ionomycin (Fig. 6 B).
These findings indicate that T cells lacking appropriate
Dlgh1 expression are capable of producing effector cyto-
kines, but are deficient in coupling antigenic stimulation with
signal transduction machinery required for cytokine produc-
tion. Because PMA and ionomycin are know to mimic T
cell activation pharmacologically by directly inducing pro-
tein kinase C and Ras activation and release of intracellular
Ca
 
2
 
 
 
stores, Dlgh1 likely functions in positively regulating
TCR signal transduction upstream of these pathways.
Dlgh1 has been implicated in protein and vesicular traf-
ficking (23, 26). Therefore, defective cytokine production
could result from defective polarized TCR-induced cyto-
kine delivery and secretion or defective gene transcription. To
distinguish between these we quantitated mRNA expression
of IFN-
 

 
. Fig. 6 E shows that siRNA-mediated diminution
of Dlgh1 expression affects TCR-induced lymphokine
mRNA expression, providing support for a model in which
Dlgh1 functions to positively regulate TCR signal transduc-
tion required for lymphokine gene expression. However,
these data do not rule out an additional role for Dlgh1 in po-
larized T cell effector molecule delivery.
 
Overexpression of Dlgh1 enhances TCR-induced NFAT 
activity and cytokine production
 
Our results obtained using siRNA implicate Dlgh1 as a posi-
tive regulator of cytokine transcription and secretion (Fig. 6).
To further investigate this possibility, we used an alternate
approach of assessing the effects of overexpressing Dlgh1 in
BI-141 hybridoma or primary OT-1 T cells. One mechanism
by which Dlgh1 might regulate cytokine transcription could
involve enhanced NFAT activity, as WASp, Lck, and Zap70
have each been implicated in NFAT activation (14, 35).
Therefore, we overexpressed a full-length Dlgh1 expression
plasmid along with an NFAT reporter construct. We found
that transfection of modest (0.5 and 1 
 

 
g) amounts of Dlgh1
expression plasmid enhances NFAT activity in both BI-141
T cells and 293 T cells (Fig. 7 A). Because gross overexpres-
sion of a scaffolding molecule is predicted to have similar ef-
fects as too little of the scaffold, we varied the degree of
Dlgh1 overexpression. Indeed, in situations where a scaffold
functions to bridge signal transduction molecules, an over-
abundance of the scaffold is predicted to facilitate monovalent
binding of a single partner, rather than a bridging of two part-
ners. Although transfection of relatively lower levels (0.5 and
1 
 

 
g) of Dlgh1 expression vector facilitates TCR/CD28-
mediated NFAT activity, relatively higher levels (5 and 10
 

 
g) are unable to up-regulate NFAT activity (Fig. 7 B).
To further compliment and validate our siRNA studies,
we overexpressed Dlgh1 in primary OT-1 T cells and mea-
sured the effects on cytokine production. The transfection of
NFAT-activating concentrations of Dlgh1 expression vector
in primary OT-1 T lymphocytes increases IL-2 and IFN-
 

 
production in response to antigen (Fig. 7 C). These results
corroborate our findings that loss of Dlgh1 expression results
in decreased cytokine production (Fig. 6) and assigns a posi-
tive regulatory role for Dlgh1 in facilitating TCR signal
transduction and T cell function.
 
DISCUSSION
 
Recently, parallels between molecular mechanisms involved
in orchestrating cell polarity and signal transduction within
Figure 7. Overexpression of Dlgh1 leads to increased NFAT activity 
and cytokine production. (A and B) BI-141 T cells or 293 T cells were 
transfected with indicated amounts of pSport-Dlgh1 vector (0.5–10 g), 
pNFAT-TA-Luc reporter, and PRLSV40 Renilla luciferase. Transfected cells 
were incubated overnight and stimulated with anti-CD3/CD28 overnight. 
Cell lysates were assayed using the Dual Luciferase Reporter Assay System. 
Renilla luciferase was used to ensure equal transfection efficiency. (C) Lym-
phocytes from the spleen and lymph nodes from an OT-1 TCR transgenic 
mouse were stimulated for 3 d with APC/peptide. Cells were then trans-
ferred to 200 U/ml IL-2 media for an additional 2 d. CD8 T cells were then 
transfected with 1 g pSport-Dlgh1 vector and cultured in fresh media 
containing IL-2. 24 h after transfection, cells were washed and restimu-
lated with APC/peptide overnight, and secreted IL-2 and IFN- was quan-
titated using ELISA.
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lymphoid, epithelial, and neuronal synapses have begun to
emerge (36–39). In all three cellular systems, lipid raft mem-
brane compartmentalization and MAGUK family members
have been implicated in protein and vesicular trafficking, the
establishment of cell polarity, and the organization of mem-
brane specializations for optimal signal transduction (24, 39).
MAGUKs have been well studied in both neuronal and epi-
thelial cells; however, only recently have they been consid-
ered with regard to T cell biology. Several recent studies
have identified a role for the lymphocyte-specific MAGUK
family member CARMA as an essential scaffold for the acti-
vation and lipid raft localization of transducers required for
TCR/costimulator-mediated activation of NF-
 

 
B (40–42).
Here, we establish a role for the MAGUK family member
Dlgh1 as a crucial organizer of T cell polarity, actin poly-
merization, NFAT activity, and cytokine production. Un-
like CARMA, Dlgh1 is expressed in multiple tissues and
thus, our findings highlight common molecular strategies
used for synaptic organization in epithelial, neuronal, and
lymphoid systems. Findings that Dlgh1 associates with lym-
phocyte-specific regulators of TCR signal transduction and
actin polymerization illustrate how cells specialize common
molecular mechanisms for cell-specific application.
Recent reports have shown that hDLG/Sap97 localizes
to epithelial junctions and neuronal synapses (43–45). Here,
we show that antigenic stimulation induces a portion of
Dlgh1 transport coincident with the TCR- and GM1-con-
taining lipid rafts to the synaptic contact in both freshly iso-
lated and in vitro–expanded stimulated CD8
 
 
 
OT-1 TCR
transgenic T cells (Fig. 1, A and B, and not depicted). Dlgh1
synaptic relocalization requires TCR engagement because
APCs lacking expression of MHC/peptide do not induce
this translocation. These findings are in keeping with previ-
ous reports in which Dlgh1 has been shown to relocalize to
the stimulatory contact site of CD3/CD28, CD2, or super-
antigen-stimulated Jurkat cells or antigen-stimulated, pri-
mary in vitro–expanded CD4
 
 
 
DO11.10 TCR transgenic T
cells (22, 23). However, unlike those reports, in which
Dlgh1 accumulation was observed readily at 5 min and re-
ported to be transient (absent by 15–25 min after stimula-
tion), we observe a relatively delayed kinetic in CD8
 
 
 
OT-1
T cells, wherein Dlgh1 accumulation is not apparent at 5
min but can be readily observed by 20–25 min. Different
observed recruitment kinetics may reflect differences in
stimulatory conditions, antigen affinity, T cell developmen-
tal stage (CD4 vs. CD8), and/or degree of transformation.
Consistent with our findings, biochemical fractionation re-
veals that a subset of Dlgh1 resides in the lipid raft compart-
ment and increases its raft partitioning in response to TCR
stimulation over the same time frame.
By mapping the Lck–Dlgh1 interaction site to the SH3
domain of Lck, we confirm and extend previous reports
identifying Dlgh1–Lck complexes. Furthermore, we demon-
strate a role for the Dlgh1–Lck SH3 interaction in Dlgh1 raft
membrane association. We also identify WASp and Zap70 as
novel constituents of Dlgh1 molecular complexes and dem-
onstrate that Dlgh1-associated Zap70 becomes tyrosine phos-
phorylated in response to TCR/CD28 costimulation.
In keeping with suggestions that Dlgh1 functions as a scaf-
fold-enabling juxtaposition and activation of associated trans-
ducers, reduction of Dlgh1 expression levels using siRNA
interferes with TCR/CD28-mediated Lck–Zap70 and Lck–
WASp complex formation. Furthermore, we demonstrate a
requirement for Dlgh1 in antigen-induced actin polymeriza-
tion, synaptic lipid raft and TCR clustering, NFAT activity,
and lymphokine production. Each of these functions is
known to require WASp activity and is defective in mice and
humans lacking expression of functional WASp (13, 14). Sim-
ilarly, each of these activities requires Lck tyrosine kinase and
or/SH3 binding activity (1, 3, 11, 46, 47). Furthermore, Vav,
a known WASp activator, has been recently identified in
Dlgh1 immunoprecipitates, although the molecular basis and
functional significance of this association has yet to be eluci-
dated (22). Additionally, Dlgh1 was shown to become associ-
ated with T cell membrane actin in response to activation
(22). Our findings that modest Dlgh1 overexpression en-
hances TCR NFAT activity and T cell function are consistent
with our findings that Dlgh1 diminution impairs actin reorga-
nization and T cell function. Experiments demonstrating that
high levels of Dlgh1 overexpression are unable to enhance
NFAT activity may explain a recent contradictory report in
which Dlgh1 overexpression is shown to modestly inhibit
NFAT activity in Jurkat cells (22). Alternatively, differences
may reflect T cell subset–specific roles for Dlgh1 in T cells.
Given that the functional outcome of Dlgh1 overexpression
was not assessed in that report, it is difficult to fully account
for potential differences observed (22). In toto, the available
data provide support for a potential role for Dlgh1 in coordi-
nating Lck-induced, WASp-mediated actin polymerization
required for synaptic lipid raft clustering and T cell activation.
Although it remains unclear how Dlgh1 influences
WASp actin polymerizing activity, several testable possibili-
ties exist. Indeed, WASp–Dlgh1 interactions could function
to (a) mediate WASp synaptic colocalization with its activa-
tors, (b) relieve WASp auto-inhibitory interactions, or (c)
induce WASp tyrosine phosphorylation. Lck phosphoryla-
tion of WASp Y291 is known to increase basal WASp actin
polymerizing activity and enable SH2-induced WASp acti-
vation (16). Previous studies elucidating mechanisms of
WASp regulation provide support for each of these potential
modes of Dlgh1 regulation of WASp activity (14, 16, 48–
50). Future studies characterizing the molecular basis of Lck–
Dlgh1–Zap70–WASp interactions and activation should aid
in testing these possibilities.
Despite progress in identifying early intermediates in-
volved in TCR signal transduction, how these signal trans-
ducers are translated into processive TCR signals required
for T cell activation and lymphokine gene expression remain
incompletely understood. Recent data indicate that the early
peak in tyrosine kinase signaling precedes central clustering
of the TCR within the synaptic contact in CD4 T cells (51).
Therefore, TCR molecular patterning within the synapse
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cannot be responsible for initiating or amplifying this early
wave of protein tyrosine phosphorylation. Nonetheless, con-
tinued TCR engagement and signal transduction extending
well beyond the time frame of initial synapse assembly are
essential for T cell commitment to activation and lympho-
kine gene expression (1, 10, 11, 46, 52). Therefore, reorga-
nization of the actin cytoskeleton and lipid rafts within the
synaptic contact remain among the few known physical cor-
relates of processive TCR signaling (3, 11, 17, 19, 30, 53–
55). In addition to the organization afforded through mem-
brane partitioning accompanying raft clustering, a synaptic
actin cytoskeletal scaffold may also function in transducer
concentration, complex formation, and costimulatory or ad-
hesion molecule signaling (11, 19, 39).
Recent evidence has alluded to a role for Dlgh1 in LFA1
clustering and transport through association of Dlgh1 with
PTA1 and FERM member 4.1 (21). Furthermore, LFA1 ad-
hesiveness depends on lipid raft clustering and actin reorga-
nization and is impaired in cells expressing Lck SH3 mutants
(9, 56). We have yet to determine if the described Dlgh1
contributions to T cell function are through impacting LFA1
activation.
Modest Dlgh1 overexpression enhances both NFAT ac-
tivation and lymphokine production, whereas loss of Dlgh1
interferes with both synapse formation and effector function.
Furthermore, previous studies have implicated both Zap70
and WASp in NFAT activity. Therefore, it is possible that
the effects on synapse formation reflect a requirement for
synaptic organization in processive signaling.
Alternatively, although Dlgh1 coordinates both synapse
assembly and lymphokine gene expression, it is possible that
these are parallel events. Indeed, Dlgh1 contributions to syn-
apse assembly might be more relevant to polarized delivery
of effector molecules and down-regulation of TCR signals,
whereas its contributions to lymphokine gene expression
could rely on signals generated by Dlgh1 scaffolding activity
independent of synaptic raft and/or actin remodeling. Fur-
ther elucidation of molecular mechanisms by which Dlgh1
impacts TCR signal transduction and synapse formation
should aid in understanding the pivotal role Dlgh1 plays in
coordinating TCR engagement with functional outcome.
 
MATERIALS AND METHODS
 
T cell stimulation and transfections.
 
SigOVA
 
257–264 
 
MEC.B7.1 APC
stably expressing H2K
 
b
 
, B7.1, and OVAp (257–264) or M1B cells that lack
H2K
 
b 
 
and peptide but retain B7.1 were used for stimulating T cells from
OT-1 TCR transgenic mice (57). OT-1 and OT-1 RAG
 
 
 
mice were
used at 8–12 wk of age. 2 
 
	 
 
10
 
5 
 
APCs (final volume of 1 mL) were placed
in either a 24-well plate or a chamber slide in media containing 20 
 

 
g/ml
IFN-
 
 
 
for 48 h before stimulation to up-regulate MHC levels and washed
with PBS. The spleen and lymph nodes from OT-1 transgenic mice and
2 
 
	 
 
10
 
6 
 
cells were either stimulated for 25 min in chamber slides for analysis
of unprimed populations or expanded for 3 d with antigen/APC in 24-well
plates to be used for siRNA experiments.
For transient transfections, T cells were removed from antigen APCs
after 3 d and transferred to a new 24-well plate containing supplemented
RPMI media containing 200 U/ml IL-2 for an additional 2 d. 2 
 
	 
 
10
 
6 
 
T
cells were then transfected with 3 
 

 
g of double-stranded RNA oligos
(QIAGEN) against one of the following target sequences: Dlgh1 1:
TACGGGAGCAGATGATGAAA; Dlgh1 2: AACCCAAATCCATG-
GAAAATA or siRNA control 1: AATTCTCCGAACGTGTCACGT or
control 2: TACGGGAGC
 
GT
 
ATGATGAATA; and control 3: TTGT-
GAAAATCCGTCCCCCGATAA) or indicated quantities (0.5–10 
 

 
g) of
pSPORT-Dlgh1 full-length plasmid (American Type Culture Collection)
using TransMessenger transfection reagent (QIAGEN) according to the man-
ufacturer’s instructions. T lymphocytes were resuspended in unsupple-
mented media while 3 
 

 
g RNA or indicated quantities of Dlg plasmid, 6.4
 

 
l of enhancer R reagent, and 83.6 
 

 
l ECR reagent (final volume of 100 
 

 
l
per 2 
 
	 
 
10
 
6 
 
cells) were vortexed and incubated at room temperature for 5
min. 10 
 

 
l TransMessenger reagent was added to this mixture and incu-
bated for 10 min. Complexes were added to the T cells and cultured for 4 h.
Cells were placed in media with 200 U/ml IL-2 for an additional 36 h.
Cells were restimulated with antigen/APCs and assayed for synapse forma-
tion or cytokine production. BI-141 cells were transfected similarly.
 
Confocal microscopy.
 
Chamber slides (Nalge) were coated with 20 ug/
ml poly-
 
L
 
-lysine (Sigma-Aldrich) for 15 min at 37
 


 
C before the addition of
2 
 
	 
 
10
 
5 
 
APCs or control M1B APCs (57) in media with IFN-
 
 
 
for 48 h.
2 
 
	 
 
10
 
6 
 
naive or cells treated with siRNA Dlgh1 or control siRNA were
placed in chamber slides, briefly spun, and cocultured at 37
 


 
C for 5 or 25
min. Stimulation was stopped with 4% formaldehyde and cells were perme-
abilized with 0.3% Triton X-100 for 20 min at 37
 


 
C. Cells were blocked
and then stained with 8 ug/ml FITC-conjugated Cholera Toxin 
 
 
 
subunit
(C-1655; Sigma-Aldrich), 5 ug/ml anti-Dlg antibody (610874; BD Trans
Labs), or mouse IgG
 
1 
 
isotype control (sc-2025; Santa Cruz Biotechnology,
Inc.) followed by a 1:300 dilution of Texas red–conjugated anti–mouse IgG
secondary antibody (715-075-150; Jackson ImmunoResearch Laboratories).
TCR was stained using FITC-conjugated anti-V
 

 
5.1,5.2 (553189; BD
Biosciences). Cells were washed twice with PBS and mounted with Pro-
long Antifade Reagent (P7481; Molecular Probes). All images represent sin-
gle sections taken using a Leica TCS-SP spectral confocal inverted micro-
scope equipped with argon (488 nm blue excitation) and krypton (568 nm
yellow excitation) lasers (Leica).
 
Raft fractionations, immunoprecipitations, and GST pull-downs.
 
4 
 
	 
 
10
 
7 
 
BI-141 cells were left unstimulated or stimulated as described previ-
ously (11) and lysed on ice for 30 min in TNE buffer (50 mm Tris, pH 6.8,
1% NP-40, and 20 mM EDTA) containing leupeptin, apropotin, PMSF,
and sodium vanadate inhibitors. Lysates were either subjected to sucrose
density centrifugation as described previously (11) or precleared by centrifu-
gation at 10,000 
 
g
 
 for 10 min at 4
 


 
C and then incubated with 20 
 

 
l of pro-
tein G–coated beads alone for 1 h at 4
 


 
C. Lysates were then immunoprecip-
itated with 2 
 

 
g of indicated antibodies overnight at 4
 


 
C. The following
antibodies were used: anti-Zap70 (610239; BD Trans Labs), anti-WASp
(sc-13139; Santa Cruz Biotechnology, Inc.), anti–phospho-tyrosine (4G10),
and anti-Lck (11). For solubilization of lipid rafts, 60 mM octylglucoside
was used instead of TNE buffer. Blots were quantitated using Scion Image
software and normalized to indicated loading controls.
Lck and other GST fusions have been described (11, 31). Full-length
Dlgh1 was amplified by PCR using primers F
 
 
 
GAATTCATGCCGGT-
CCGGAAGCAAG and R
 
 
 
GTCGACCGTGGTCAAGAAGAATATG.
Dlg was placed into pGEX4T1 vector (Promega) using ECORI and SalI
sites. GST fusions were purified according to the manufacturer’s instruc-
tions. Equal amounts of GST fusions bound to glutathione beads were incu-
bated with BI-141 lysates for 4 h at 4
 


 
C.
 
Cytoxicity assay.
 
Cell-mediated cytotoxicity was determined using the
Cytoscan-LDH Cytotoxicity Assay Kit (Genotech) according to the manu-
facturer’s instructions. In brief, T lymphocytes transfected with Dlgh1
siRNA or control siRNA were incubated with 2 
 
	 
 
103 antigen APCs at an
effector to target ratio of 15:1 for 4 h. Plates were briefly spun and superna-
tants were transferred to a new 96-well plate. Substrate mix was added and
plates were incubated at room temperature for 30 min. Stop solution was
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added and absorbance at 490 nm was recorded. Percent cytotoxicity is cal-
culated as: (experimental  effector spontaneous-target spontaneous re-
lease/target maximum-target spontaneous release) 	 100.
Quantitative PCR. RNA was collected from T cells 36 h after trans-
fection using TRIzol reagent. Primers used for quantitation of Dlgh1
and IFN- are as follows: Dlgh1: F 5-3 GCAGGCCAGAAAAACA-
TTTGAG R 5-3 TCTCCCTGGACAATAGCTGTGAA and IFN-:
F 5-3 GTCAACAACCCACAGGTCCAG R 5-3 CCTTTTCCGCT-
TCCTGAGG. ISG15 and IRF7 are IFN- target genes, and primers have
been described (34). Quantitative PCR was performed as described previ-
ously (34).
FACS: actin polymerization assays, CD3, and GM1. 36 h after
transfection with Dlgh1 siRNA or control siRNA, lymphocytes were
briefly spun onto SigOVA257–264 • MEC.B7.1 APCs. Lymphocytes were
gently washed off and either stained with 8 ug/ml FITC-conjugated cholera
toxin or CD3 and then fixed in 2% formaldehyde. Alternatively, cells were
immediately fixed and permeabilized with 200 l per sample of BD Cyto-
fix/Cytoperm (51-2090KZ; BD Biosciences) overnight at 4
C for actin po-
lymerization assays. Cells were washed in wash buffer (1	 PBS, 3% FCS,
and 0.1% sodium azide) and stained for 1 h with 5 g/ml FITC-conjugated
phalloidin (P-5282; Sigma-Aldrich), washed, and analyzed using the FACS-
Calibur (Becton Dickinson).
Luciferase assays. BI-141 T lymphocytes were electroporated (300 mV,
960 mFd) with indicated quantities of pSPORT-Dlgh1 plasmid, 200 ng
NFAT reporter plasmid (provided by K. Siminovitch, University of Toronto,
Toronto, Canada), 500 ng pRLSV40 plasmid (Promega) for normalization,
and pCDNA3 (to ensure equal DNA content). 24 h after transfection, cells
were stimulated with anti-CD3/CD28 overnight. Cells were lysed using Pas-
sive Lysis Buffer and 50 l lysates was used for the Dual Luciferase Assay Sys-
tem according to the manufacture’s instructions (Promega).
We thank D. Papazian and members of the Miceli lab for critical reading of the 
manuscript.
Supported by grants from the Arthritis Foundation and National Institutes of 
Health (RO1CA65979) to M.C. Miceli. J.L. Round was supported by United States 
Public Health Service National Research Service Award GM07185.
The authors have no conflicting financial interests.
Submitted: 15 July 2004
Accepted: 22 November 2004
REFERENCES
1. Huppa, J.B., and M.M. Davis. 2003. T-cell-antigen recognition and
the immunological synapse. Nat. Rev. Immunol. 3:973–983.
2. Lee, K.H., A.R. Dinner, C. Tu, G. Campi, S. Raychaudhuri, R.
Varma, T.N. Sims, W.R. Burack, H. Wu, J. Wang, et al. 2003. The
immunological synapse balances T cell receptor signaling and degrada-
tion. Science. 302:1218–1222.
3. Moran, M., and M.C. Miceli. 1998. Engagement of GPI-linked CD48
contributes to TCR signals and cytoskeletal reorganization: a role for
lipid rafts in T cell activation. Immunity. 9:787–796.
4. Miceli, M.C., M. Moran, C.D. Chung, V.P. Patel, T. Low, and W.
Zinnanti. 2001. Co-stimulation and counter-stimulation: lipid raft
clustering controls TCR signaling and functional outcomes. Semin. Im-
munol. 13:115–128.
5. Xavier, R., T. Brennan, Q. Li, C. McCormack, and B. Seed. 1998.
Membrane compartmentation is required for efficient T cell activation.
Immunity. 8:723–732.
6. Viola, A., S. Schroeder, Y. Sakakibara, and A. Lanzavecchia. 1999. T
lymphocyte costimulation mediated by reorganization of membrane
microdomains. Science. 283:680–682.
7. Heissmeyer, V., F. Macian, S.H. Im, R. Varma, S. Feske, K. Venu-
prasad, H. Gu, Y.C. Liu, M.L. Dustin, and A. Rao. 2004. Calcineurin
imposes T cell unresponsiveness through targeted proteolysis of signal-
ing proteins. Nat. Immunol. 5:255–265.
8. Bossi, G., C. Trambas, S. Booth, R. Clark, J. Stinchcombe, and G.M.
Griffiths. 2002. The secretory synapse: the secrets of a serial killer. Im-
munol. Rev. 189:152–160.
9. Cannon, J.L., and J.K. Burkhardt. 2002. The regulation of actin re-
modeling during T-cell-APC conjugate formation. Immunol. Rev. 186:
90–99.
10. Iezzi, G., K. Karjalainen, and A. Lanzavecchia. 1998. The duration of
antigenic stimulation determines the fate of naive and effector T cells.
Immunity. 8:89–95.
11. Patel, V.P., M. Moran, T.A. Low, and M.C. Miceli. 2001. A molecu-
lar framework for two-step T cell signaling: Lck Src homology 3 muta-
tions discriminate distinctly regulated lipid raft reorganization events. J.
Immunol. 166:754–764.
12. Huppa, J.B., M. Gleimer, C. Sumen, and M.M. Davis. 2003. Continu-
ous T cell receptor signaling required for synapse maintenance and full
effector potential. Nat. Immunol. 4:749–755.
13. Thrasher, A.J. 2002. WASp in immune-system organization and func-
tion. Nat. Rev. Immunol. 2:635–646.
14. Badour, K., J. Zhang, F. Shi, Y. Leng, M. Collins, and K.A. Simino-
vitch. 2004. Fyn and PTP-PEST–mediated regulation of Wiskott-Ald-
rich syndrome protein (WASp) tyrosine phosphorylation is required
for coupling T cell antigen receptor engagement to WASp effector
function and T cell activation. J. Exp. Med. 199:99–112.
15. Labno, C.M., C.M. Lewis, D. You, D.W. Leung, A. Takesono, N.
Kamberos, A. Seth, L.D. Finkelstein, M.K. Rosen, P.L. Schwartzberg,
and J.K. Burkhardt. 2003. Itk functions to control actin polymerization
at the immune synapse through localized activation of Cdc42 and
WASP. Curr. Biol. 13:1619–1624.
16. Torres, E., and M.K. Rosen. 2003. Contingent phosphorylation/
dephosphorylation provides a mechanism of molecular memory in
WASP. Mol. Cell. 11:1215–1227.
17. Dupre, L., A. Aiuti, S. Trifari, S. Martino, P. Saracco, C. Bordignon,
and M.G. Roncarolo. 2002. Wiskott-Aldrich syndrome protein regu-
lates lipid raft dynamics during immunological synapse formation. Im-
munity. 17:157–166.
18. McGavin, M.K., K. Badour, L.A. Hardy, T.J. Kubiseski, J. Zhang, and
K.A. Siminovitch. 2001. The intersectin 2 adaptor links Wiskott Ald-
rich syndrome protein (WASp)-mediated actin polymerization to T
cell antigen receptor endocytosis. J. Exp. Med. 194:1777–1787.
19. Miletic, A.V., M. Swat, K. Fujikawa, and W. Swat. 2003. Cytoskeletal
remodeling in lymphocyte activation. Curr. Opin. Immunol. 15:261–268.
20. Hanada, T., L. Lin, K.G. Chandy, S.S. Oh, and A.H. Chishti. 1997.
Human homologue of the Drosophila discs large tumor suppressor binds
to p56lck tyrosine kinase and Shaker type Kv1.3 potassium channel in
T lymphocytes. J. Biol. Chem. 272:26899–26904.
21. Ralston, K.J., S.L. Hird, X. Zhang, J.L. Scott, B. Jin, R.F. Thorne,
M.C. Berndt, A.W. Boyd, and G.F. Burns. 2004. The LFA-1-associ-
ated molecule PTA-1(CD226) on T cells forms a dynamic molecular
complex with protein 4.1G and human discs large. J Biol Chem. 279:
33816–33828.
22. Xavier, R., S. Rabizadeh, K. Ishiguro, N. Andre, J.B. Ortiz, H. Wach-
tel, D.G. Morris, M. Lopez-Ilasaca, A.C. Shaw, W. Swat, and B. Seed.
2004. Discs large (Dlg1) complexes in lymphocyte activation. J. Cell
Biol. 166:173–178.
23. Hanada, T., L. Lin, E.V. Tibaldi, E.L. Reinherz, and A.H. Chishti.
2000. GAKIN, a novel kinesin-like protein associates with the human
homologue of the Drosophila discs large tumor suppressor in T lympho-
cytes. J. Biol. Chem. 275:28774–28784.
24. Dimitratos, S.D., D.F. Woods, D.G. Stathakis, and P.J. Bryant. 1999.
Signaling pathways are focused at specialized regions of the plasma
membrane by scaffolding proteins of the MAGUK family. Bioessays.
21:912–921.
25. Bilder, D. 2001. PDZ proteins and polarity: functions from the fly.
Trends Genet. 17:511–519.
26. Wu, H., J.E. Nash, P. Zamorano, and C.C. Garner. 2002. Interaction
of SAP97 with minus-end-directed actin motor myosin VI. Implica-
DLGH1 COORDINATES T CELL SYNAPTOGENESIS AND FUNCTION | Round et al.430
tions for AMPA receptor trafficking. J. Biol. Chem. 277:30928–30934.
27. Janes, P.W., S.C. Ley, and A.I. Magee. 1999. Aggregation of lipid rafts
accompanies signaling via the T cell antigen receptor. J. Cell Biol. 147:
447–461.
28. Topinka, J.R., and D.S. Bredt. 1998. N-terminal palmitoylation of
PSD-95 regulates association with cell membranes and interaction with
K channel Kv1.4. Neuron. 20:125–134.
29. Cannon, J.L., C.M. Labno, G. Bosco, A. Seth, M.H. McGavin, K.A.
Siminovitch, M.K. Rosen, and J.K. Burkhardt. 2001. Wasp recruit-
ment to the T cell:APC contact site occurs independently of Cdc42 ac-
tivation. Immunity. 15:249–259.
30. Villalba, M., K. Bi, F. Rodriguez, Y. Tanaka, S. Schoenberger, and A.
Altman. 2001. Vav1/Rac-dependent actin cytoskeleton reorganization
is required for lipid raft clustering in T cells. J. Cell Biol. 155:331–338.
31. Bunnell, S.C., V. Kapoor, R.P. Trible, W. Zhang, and L.E. Samelson.
2001. Dynamic actin polymerization drives T cell receptor-induced
spreading: a role for the signal transduction adaptor LAT. Immunity. 14:
315–329.
32. Tybulewicz, V.L., L. Ardouin, A. Prisco, and L.F. Reynolds. 2003.
Vav1: a key signal transducer downstream of the TCR. Immunol. Rev.
192:42–52.
33. McManus, M.T., B.B. Haines, C.P. Dillon, C.E. Whitehurst, L. van
Parijs, J. Chen, and P.A. Sharp. 2002. Small interfering RNA-medi-
ated gene silencing in T lymphocytes. J. Immunol. 169:5754–5760.
34. Doyle, S., S. Vaidya, R. O’Connell, H. Dadgostar, P. Dempsey, T.
Wu, G. Rao, R. Sun, M. Haberland, R. Modlin, and G. Cheng. 2002.
IRF3 mediates a TLR3/TLR4-specific antiviral gene program. Immu-
nity. 17:251–263.
35. Rao, A., C. Luo, and P.G. Hogan. 1997. Transcription factors of the
NFAT family: regulation and function. Annu. Rev. Immunol. 15:707–747.
36. Khan, A.A., C. Bose, L.S. Yam, M.J. Soloski, and F. Rupp. 2001.
Physiological regulation of the immunological synapse by agrin. Science.
292:1681–1686.
37. Dustin, M.L., and D.R. Colman. 2002. Neural and immunological
synaptic relations. Science. 298:785–789.
38. Trautmann, A., and E. Vivier. 2001. Immunology. Agrin—a bridge
between the nervous and immune systems. Science. 292:1667–1668.
39. Simons, K., and D. Toomre. 2000. Lipid rafts and signal transduction.
Nat. Rev. Mol. Cell Biol. 1:31–39.
40. Hara, H., T. Wada, C. Bakal, I. Kozieradzki, S. Suzuki, N. Suzuki, M.
Nghiem, E.K. Griffiths, C. Krawczyk, B. Bauer, et al. 2003. The
MAGUK family protein CARD11 is essential for lymphocyte activa-
tion. Immunity. 18:763–775.
41. Jun, J.E., L.E. Wilson, C.G. Vinuesa, S. Lesage, M. Blery, L.A. Mi-
osge, M.C. Cook, E.M. Kucharska, H. Hara, J.M. Penninger, et al.
2003. Identifying the MAGUK protein Carma-1 as a central regulator
of humoral immune responses and atopy by genome-wide mouse mu-
tagenesis. Immunity. 18:751–762.
42. Wang, D., R. Matsumoto, Y. You, T. Che, X.Y. Lin, S.L. Gaffen, and
X. Lin. 2004. CD3/CD28 costimulation-induced NF-kappaB activa-
tion is mediated by recruitment of protein kinase C-theta, Bcl10, and
IkappaB kinase beta to the immunological synapse through CARMA1.
Mol. Cell. Biol. 24:164–171.
43. Muller, B.M., U. Kistner, R.W. Veh, C. Cases-Langhoff, B. Becker,
E.D. Gundelfinger, and C.C. Garner. 1995. Molecular characterization
and spatial distribution of SAP97, a novel presynaptic protein homolo-
gous to SAP90 and the Drosophila discs-large tumor suppressor protein.
J. Neurosci. 15:2354–2366.
44. Asaba, N., T. Hanada, A. Takeuchi, and A.H. Chishti. 2003. Direct
interaction with a kinesin-related motor mediates transport of mamma-
lian discs large tumor suppressor homologue in epithelial cells. J. Biol.
Chem. 278:8395–8400.
45. Wu, H., S.M. Reuver, S. Kuhlendahl, W.J. Chung, and C.C. Garner.
1998. Subcellular targeting and cytoskeletal attachment of SAP97 to
the epithelial lateral membrane. J. Cell Sci. 111:2365–2376.
46. Ehrlich, L.I., P.J. Ebert, M.F. Krummel, A. Weiss, and M.M. Davis.
2002. Dynamics of p56lck translocation to the T cell immunological syn-
apse following agonist and antagonist stimulation. Immunity. 17:809–822.
47. Lewis, L.A., C.D. Chung, J. Chen, J.R. Parnes, M. Moran, V.P. Patel,
and M.C. Miceli. 1997. The Lck SH2 phosphotyrosine binding site is
critical for efficient TCR-induced processive tyrosine phosphorylation
of the zeta-chain and IL-2 production. J. Immunol. 159:2292–2300.
48. Caron, E. 2002. Regulation of Wiskott-Aldrich syndrome protein and
related molecules. Curr. Opin. Cell Biol. 14:82–87.
49. Carlier, M.F., P. Nioche, I. Broutin-L’Hermite, R. Boujemaa, C. Le
Clainche, C. Egile, C. Garbay, A. Ducruix, P. Sansonetti, and D. Panta-
loni. 2000. GRB2 links signaling to actin assembly by enhancing interac-
tion of neural Wiskott-Aldrich syndrome protein (N-WASp) with actin-
related protein (ARP2/3) complex. J. Biol. Chem. 275:21946–21952.
50. Rohatgi, R., P. Nollau, H.Y. Ho, M.W. Kirschner, and B.J. Mayer.
2001. Nck and phosphatidylinositol 4,5-bisphosphate synergistically
activate actin polymerization through the N-WASP-Arp2/3 pathway.
J. Biol. Chem. 276:26448–26452.
51. Lee, K.H., A.D. Holdorf, M.L. Dustin, A.C. Chan, P.M. Allen, and
A.S. Shaw. 2002. T cell receptor signaling precedes immunological
synapse formation. Science. 295:1539–1542.
52. Faroudi, M., C. Utzny, M. Salio, V. Cerundolo, M. Guiraud, S.
Muller, and S. Valitutti. 2003. Lytic versus stimulatory synapse in cyto-
toxic T lymphocyte/target cell interaction: manifestation of a dual acti-
vation threshold. Proc. Natl. Acad. Sci. USA. 100:14145–14150.
53. Bachmann, M.F., A. Gallimore, S. Linkert, V. Cerundolo, A. Lanza-
vecchia, M. Kopf, and A. Viola. 1999. Developmental regulation of
Lck targeting to the CD8 coreceptor controls signaling in naive and
memory T cells. J. Exp. Med. 189:1521–1530.
54. Valitutti, S., M. Dessing, K. Aktories, H. Gallati, and A. Lanzavecchia.
1995. Sustained signaling leading to T cell activation results from pro-
longed T cell receptor occupancy. Role of T cell actin cytoskeleton. J.
Exp. Med. 181:577–584.
55. Rudd, C.E., M. Martin, and H. Schneider. 2002. CTLA-4 negative
signaling via lipid rafts: a new perspective. Sci. STKE. 2002:PE18.
56. Krauss, K., and P. Altevogt. 1999. Integrin leukocyte function-associ-
ated antigen-1-mediated cell binding can be activated by clustering of
membrane rafts. J. Biol. Chem. 274:36921–36927.
57. van Stipdonk, M.J., E.E. Lemmens, and S.P. Schoenberger. 2001. Na-
ive CTLs require a single brief period of antigenic stimulation for
clonal expansion and differentiation. Nat. Immunol. 2:423–429.
